• Full-term newborns undergo activation of the hypothalamic-pituitary-gonadal axis commencing at about 1 week of age ("neonatal minipuberty").
Established Facts
• Full-term newborns undergo activation of the hypothalamic-pituitary-gonadal axis commencing at about 1 week of age ("neonatal minipuberty").
• There are no data on the neonatal ovarian function of infants with ovotesticular disorder of sex development (DSD).
Novel Insights
• Ovarian function was neither discernable spontaneously nor in response to gonadotropin stimulation in the presence of functioning testicular tissue in a neonate with ambiguous genitalia due to ovotesticular DSD.
• Hyperfunction of the contralateral ovary rapidly followed ovotestis removal at 3 weeks of age.
Introduction
Ovotesticular disorder of sex differentiation (DSD), also termed true hermaphroditism, is defined by the presence of both functional ovarian and testicular tissue [1, 2] . Ovotesticular DSD accounts for about one percent of the genital ambiguity that results from partial masculinization by fetal testicular tissue [1] . Estradiol secretion by ovotesticular DSD children as young as 5 months occurs in response to the administration of exogenous gonadotropins [3] , and ovulation and pregnancy have been reported in several ovotesticular DSD cases [4] [5] [6] . Since the pubertal neuroendocrine-gonadal axis is transiently activated in neonates ("neonatal minipuberty") [7] , one might expect that in ovotesticular DSD both ovarian and testicular function would be detectable neonatally, though we are aware of no previous studies of this possibility.
In a case with genital ambiguity due to ovotesticular DSD studied within 2 weeks of age, we discovered that ovarian function was not discernable in the presence of testicular function, although ovarian hyperfunction rapidly occurred after removal of the testicular tissue. Our investigations suggest a role in the neonatal period for testicular anti-Müllerian hormone (AMH) secretion in suppressing ovarian follicular development and function, and testicular testosterone secretion in setting the stage for ovarian hyperfunction after removal of the ovotestis.
Case Report
The patient was born full-term to a primiparous 21-year-old mother who experienced a slight increase in abdominal hirsutism during the pregnancy. Ambiguous genitalia were discovered at birth: the phallus was 3.5 cm in length with perineal hypospadias and fused, virilized labioscrotal folds; gonads were not palpable. Ultrasound revealed a well-developed uterus and vagina, and left inguinal and right pelvic gonads without discernable ovarian follicles. Peripheral blood karyotype was 46,XX, and fluorescent in situ hybridization for SRY was negative. At day of life (DOL) 6, plasma testosterone was 77 ng/dL, DHEAS 105 μg/dL, and estradiol 7 pg/mL (Fig. 1) . Congenital adrenal hyperplasia was ruled out by an unremarkable pattern of cortisol precursors, while unremarkable androstenedione levels made aromatase deficiency unlikely. Plasma testosterone remained high (113 ng/dL) after dexamethasone suppression of adrenal function that lowered DHEAS to <15 and cortisol to <0.3 µg/dL. Gonadotropin-releasing hormone agonist (GnRHag) testing on DOL 12 revealed adult male Baseline pubertal hormone levels before and after removal of ovotestis (orchiectomy). In the first 2 weeks of life, LH and FSH attained pubertal-adult levels and testosterone (T) rose to a level typical for a mature male, while estradiol (E2) remained at a prepubertal level and the right ovary was small (Fig. 2e) . One month after ovotestis removal (DOL 58), serum estradiol had risen to an elevated preovulatory range (390 pg/mL) and gonadotropins fell, with FSH becoming frankly low (0.6 IU/L). While testosterone fell remarkably (to 62 ng/dL), it was above the normal female range. By DOL 80, the ovary had enlarged considerably, to an adult size and morphology (Fig. 2f) . However, estradiol was falling and FSH rising. The hormone changes and ovarian development (Fig. 2g range serum luteinizing and follicle-stimulating hormone (LH, FSH), and testosterone before and after stimulation, yet prepubertal estradiol baseline and response levels (Table 1) [8, 9] . Serum AMH was 28 ng/mL, which is very elevated for a female and approximates the lower end of the normal male range for age [10] . Evidence of testicular function in a 46,XX DSD newborn suggested ovotesticular DSD, although there was no evidence of functioning ovarian tissue.
Methods
This is a single case report, so it does not require IRB approval. All studies were done in the context of clinical care to which the mother consented. Serum LH and FSH were measured by immunofluorometric assays (Delphia ® , Wallach, Finland). Serum testosterone was measured by direct radioimmunoassay (Diagnostic Products Corporation, DPC, Coat-A-Count ® , Los Angeles, CA, USA), estradiol by a post-extraction radioimmunoassay (Pantex ® , Santa Monica, CA, USA), and 17-hydroxyprogesterone (17OHP) by post-chromatographic radioimmunoassay in the University of Chicago Hospital Laboratories (UCHL) [11] ; these steroid radioimmunoassays have been validated against liquid chromatography-mass spectrometry methods [12, 13] . Other hormone levels were measured by commercially available assays at UCHL, Mayo Medical Laboratories (Rochester, MN, USA), or Esoterix (Calabasas Hills, CA, USA). Chromosomal analysis was done by analyzing 50 metaphase cells from each different tissue sample, using florescence in situ hybridization (FISH) to distinguish sex chromosomes using probes specific for SRY on the short arm of the Y chromosome and a probe for the chromosome X centromere (Abbott Molecular, Des Plaines, IL, USA). Leuprolide acetate (GnRHag) 10 μg/ kg was administered subcutaneously after obtaining a baseline blood sample: sampling was performed to respectively test gonadotropin (4 h) and gonadal steroid (21 h) peak responses [8, 9] . Dexamethasone 1.0 mg/m 2 daily was co-administered during two of the GnRHag tests to blunt coincidental adrenal contributions to 17OHP and sex steroid levels [11] .
Results

Gonadal Structure and Function
Laparoscopy on DOL 31 revealed a left inguinal ovotestis with an attached epididymis and distal fallopian tube and a right-sided intrapelvic normal-appearing ovary and fallopian tube attached to a normal uterus. After intraoperative frozen sections revealed testicular tissue with no clean demarcation between testicular and ovarian components, the ovotestis and attached structures were removed to optimize potential fertility as a female. Excisional biopsy of the left gonad revealed both testicular and ovarian (with only primordial follicles) components without clean demarcation, while incisional biopsy of the right ovary showed normal primordial follicles throughout the stroma, with a suggestion of partial transition to primary follicles, without further follicle development ( Fig. 2a-d Conversion to SI units: testosterone × 0.0347 = nM, estradiol × 3.61 = pM, AMH × 7.14 = pM, 17OHP × 0.0303 = nM. a Dexamethasone-suppressed. b Data from Winter et al. [23] (testosterone and 17OHP at 1-2 month), Bidlingmaier and Knorr [24] (estradiol at 1 week to 6 months), Chellakooty et al. [25] (female LH, FSH at 2-4 months), Bergada et al. [10] (male LH and FSH at 1 month), and Lindhardt Johansen et al. [14] (AMH at 3 months).
c Post-menarcheal, mid-follicular phase of cycle; peaks post-dexamethasone [11, 28, 29] . QNS, quantity not sufficient; na, not available. Ovarian Function after Removal of Ovotestis After orchiectomy (i.e., ovotestis removal) on DOL 31, repeat testing was performed at several subsequent time points, in some cases with sampling after stimulation with GnRHag ( Fig. 1; Table 1 ). By DOL 58, 4 weeks after orchiectomy, serum AMH had fallen dramatically to a level low for either sex (0.2 ng/mL) [14] . However, testosterone only fell to 62 ng/dL, remaining above the adult female range . This was coincident with hyperfunction of the remaining right ovary: baseline estradiol was 390 pg/mL , inhibin B 732 pg/mL (<16-73), and inhibin A 43 pg/mL (<20). At this time, GnRHag stimulation testing showed serum LH to be at a pubertal level and FSH suppressed, estradiol increased to 729 pg/ mL, and testosterone increased to 82 ng/dL (Table 1) . On DOL 80, although estradiol (199 pg/mL) and testosterone (59 ng/dL) were falling, they remained above the normal mature female range. At this time, the ovary was documented to have grown to adult-size and to contain two preovulatory-sized follicles (Fig. 2e, f) . The high sex steroid production gradually waned over time, in parallel with gonadotropin levels (Fig. 1) and ovarian volume and number and size of follicles (Fig. 2g) . By DOL 114, serum estradiol had fallen to a pubertal level (44 pg/mL) and testosterone was <10 ng/dL. Because testosterone elevation had been so protracted, a GnRHag test was performed to determine whether the infant had a testosterone response indicative of the presence of a testicular remnant: there was no testicular testosterone response, but 17OHP rose markedly (from <25 to 330 ng/dL) ( Table 1 ). Pubertal LH (9.8 IU/L) and estradiol (19 pg/mL) levels were documented through DOL 222, at which time ovarian volume was 2.97 mL (upper normal for age) with multiple 2-8 mm follicles [15] . At 1.6 years of age, ovarian volume had fallen further (1.85 mL), with follicles 2.8 and 5.1 mm in diameter; at 3 years of age, ovarian volume had fallen to 1.1 mL and estradiol (<10 pg/mL), testosterone (<10 ng/ dL), LH (<0.1 IU/L), FSH (3.4 IU/L), and AMH (0.9 ng/ mL) were prepubertal. Meanwhile, at 7 months of age, the family opted for feminizing genitoplasty after appropriate counseling.
Discussion
Ovotesticular DSD presentations are diverse and fall along a spectrum from a normal female [4] to a normal male phenotype [16] . Most with this disorder have genital ambiguity, which is occasionally very subtle [17, 18] . Our patient had obvious genital ambiguity, so our findings seem pertinent to the majority of patients with ovotesticular DSD.
The clinical picture indicates that in utero, this patient's ovotestis produced insufficient testosterone to fully masculinize the genitalia, which accounts for the ambiguity of the external genitalia and persistence of incomplete Wolffian duct derivatives, and produced insufficient AMH to inhibit formation of the Müllerian system, which accounts for the presence of a normal uterus and fallopian tubes [1] . Testosterone secreted by the fetal testis during the critical period for sexual differentiation is necessary for formation of a normal penis and for Wolffian duct differentiation into the epididymis and spermatic duct. AMH secretion by the Sertoli cells of fetal testes during this critical period exerts paracrine suppression of Müllerian system differentiation, thus inhibiting ipsilateral fallopian tube and uterine differentiation [1, 19] . AMH is not secreted by the ovarian granulosa cells until preantral and antral follicle development begins at about 36 weeks' gestation [14] .
Neonatally, after fetoplacental hormones wane within the first 5-6 days of life [20, 21] , serum gonadotropin levels normally rise into the pubertal range by 1 week of age [20] , and serum testosterone of boys and girls is distinguishable by 9 days of age [22, 23] . Maximal pubertal hormone production (Table 1) occurs, on average, at approximately 2 months in boys [23] and 4 months in girls [24] and wanes thereafter to the prepubertal levels of childhood. Girls' gonadal function is relatively less robust than that of boys: whereas boys' serum testosterone levels rise into the midpubertal-adult range during months 2-3 of life [23] , girls' serum estradiol levels hover around the early pubertal range [24, 25] . The meager available data suggest that during early infancy, girls' hormonal responses to GnRHag are comparable to those of pubertal girls [26, 27] and thus may be better than baseline levels in distinguishing prepubertal from pubertal pituitary-gonadal function, which is intermediate between prepubertal and adult function [9, 11, 28, 29] . By 6 months of age, boys' testosterone typically falls to levels compatible with adrenal fetal zone origin [30] , but in girls, pubertal hormone values may persist for 2-3 years [7, 24] . AMH production increases with the neonatal growth and development of the gonads in response to gonadotropins, with serum AMH levels of boys far exceeding those of girls until puberty, at which time serum AMH falls in boys [7, 14] .
This study of a neonate with ovotesticular DSD suggests for the first time that the presence of functioning testicular tissue during the neonatal period profoundly holds ovarian follicular development and function in check and provides insight into the mechanism. The small testicular component of the ovotestis of our case was functionally predominant during the neonatal period of active gonadotropin secretion, despite internal genital duct structure indicating fetal testicular insufficiency. During the first month of postnatal life, the ovotestis displayed a robust male pattern of secretion of AMH as well as testosterone, but not estradiol, in response to spontaneous and stimulated gonadotropin levels that were com-DOI: 10.1159/000455142 parable to those of adult men [31] . Histologic examination of both the excised left ovotestis and the incisional biopsy of the right ovary showed ovarian follicular development arrested at the primordial follicle stage, comparable to that in a 16-19-week fetus [7] . Thus, ovarian development did not reach the antral follicle stage at which estradiol is secreted; our histologic observations resemble that of others [32] . Following ovotestis removal, absence of testicular tissue was evidenced by a rapid decline in AMH levels. The contralateral ovary subsequently underwent massive multifollicular enlargement and became hyperfunctional, with serum levels of estradiol much higher and testosterone levels slightly higher than normal female adult values.
AMH is know from studies in animal models and human follicles cultured in vitro to inhibit progression of follicle development beyond the primordial follicle stage [33, 34] . The data are compatible with the concept that, although testicular AMH secretion was insufficient to inhibit Müllerian system development, it generated a serum AMH level sufficiently high to account for the arrest of ovarian follicular development at the primordial follicle stage. Thus, these findings suggest that the ovarian-inhibitory effect of AMH occurs at a lower AMH level than the Müllerian-inhibitory effect of AMH. However, the doseresponse effects of AMH on ovarian follicle development remain to be compared at the various stages of development.
In females, AMH produced by the granulosa cells of small growing follicles normally appears to act as a follicular gatekeeper [35] : as follicles grow, intrafollicular AMH levels rise sufficiently to inhibit both recruitment of primordial follicles to the primary follicle stage, which involves granulosa cells organizing around the oocyte, and FSH stimulation of aromatase activity; thus, AMH limits the number of primordial follicles allowed to grow, develop, and be selected for ovulation. It has been proposed that the 3-4-fold AMH elevation characteristic of the common hyperandrogenic infertility disorder, polycystic ovary syndrome (PCOS), arises because of AMH production by the larger cohort of growing follicles produced in response to ovarian androgen excess [36] . High testosterone levels stimulate the growth of small ovarian follicles and polycystic ovary morphology in young sexually mature primates [36] [37] [38] . Our patient's serum AMH level was in the low-normal infant male range and higher than that found in PCOS. Thus, we postulate that this degree of serum AMH elevation is critical for blocking organization of primary follicles (Fig. 2a-d) . This conclusion remains to be tested in sexually mature ovotesticular DSD patients by measuring AMH. Most pregnancies reported in phenotypic females with ovotesticular DSD have occurred after removal of testicular tissue [6] ; our postulate would predict that preoperatively their ovotestes generated intermediate AMH levels similar to our case. The rare ovotesticular DSD cases that have borne children after spontaneously ovulating have all had clinically profound testicular insufficiency [4, 5] ; we predict that such cases will be found to have very low AMH levels. Evidence of spontaneous ovulation has been found in the ovotestis of rare phenotypic males with ovotesticular DSD [39, 40] ; while their AMH levels have not been reported, such patients have been found to have testicular germinal cell hypoplasia, which is associated with low AMH [41] .
The ovarian hyperfunction after orchiectomy occurred in response to pubertal LH levels, while FSH was suppressed (Table 1) . Thus, it not only seems excessive for normal female minipuberty (Table 1) , it differs from the ovarian hyperfunction that is sometimes the consequence of the postmenopausal gonadotropin levels of premature infant girls [42, 43] . Rather, it suggests that the ovarian follicles were hypersensitive to LH, which in turn suggests that they were prematurely luteinized [44, 45] . Premature luteinization underlies the hypersensitivity to gonadotropins in PCOS and involves inappropriately early acquisition of LH receptors by granulosa cells; FSH is the primary inducer of these LH receptors, and androgens enhance this and other FSH actions [46] [47] [48] . Thus, our infant's androgen exposure may well have predisposed to a PCOS type of ovarian hyperfunction.
Androgen excess may also underlie the extraordinary pace at which ovarian follicle development to the antral follicle phase took place post-orchiectomy: functioning antral follicles formed within 1 month, whereas it would have taken 3-4 months if the normal fetal pace of follicular development were simply time-shifted to begin after orchiectomy [7, 47] . The repeated GnRHag tests were too infrequent to have contributed to gonadal development, and even intermittent GnRHag administration optimized for short-term gonadotropin stimulation does not result in increased gonadal function [31] . Since androgens stimulate a 4-5-fold increase in the number of primary and small antral follicles within 10 days in the adult rhesus monkey [38] , we postulate that the combination of synchronous release of follicle development from the restraining influence of AMH and androgenic enhancement of early-stage follicular development, which is gonadotropin independent, is responsible for our patient's rapid development of ovarian hyperfunction. The resemblance of this neonate's ovarian function to that of PCOS is probably more than coincidental. Congenital virilizing disorders are a risk factor for the development of PCOS, and congenital virilization induces PCOS features in diverse animal models [49, 50] . Indeed, GnRHag test outcome on DOL 116, when ovarian function had decreased to a normal pubertal level, demonstrated an isolated rise in 17OHP secretion (from <25 to 330 ng/dL) similar to that seen in PCOS [51] . We are not aware of any other report of ovarian function testing in a congenitally virilized female during the neonatal minipuberty. While these factors predict that this child is at high risk of PCOS, this remains to be documented by longterm follow-up.
This child is being raised as a female, consistent with her potential for fertility. This was a course taken with the understanding that fertility is not only potentially hampered by her PCOS risk, but the presence of Y chromosome-containing cells in the remaining ovary will necessitate monitoring for possible tumor development [52] .
